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DUSP6/MKP-3/PYST1 is a dual spec i fic ity phos pha tase exclu-

sively spe cific to MAPK1/ERK2/ERK for its sub strate rec og ni tion and 

dephos pho ryl ating activ ity [1,2]. DUSP6 has been dem on strated to 

be a neg a tive feed back reg u la tor of MAPK1 [3–5]; how ever, the 

reg u la tion mech a nisms of its expres sion in human cells have been 

largely unknown. The encod ing gene, DUSP6, is located on 12q21-

q22, the region com monly deleted he mizy gous ly in pan cre atic 

can cer [6,7]. DUSP6 is fre quently un der ex pressed in pan cre atic 

duc tal ade no car ci noma although it is over ex pres sed in pan cre atic 

intra ep i the lial neo pla sia, one of pre cur sor lesions of duc tal ade-

no car ci noma [8]. Its un der ex pres sion is asso ci ated with con sti tu-

tive acti va tion of MAPK1 [9]. Exog e nous over ex pres sion of DUSP6 

in DUSP6-abro gated pan cre atic can cer cells results in inac ti va tion 

of MAPK1 and even tual apop to sis [9]. This evi dence indi cates that 

pan cre atic can cer cells los ing DUSP6 expres sion are addicted to 

active MAPK1 for their sur vival and pro lif er a tion, and that DUSP6 

plays an antag o nis tic role in this addic tion; hence, a tumor sup pres-

sive role. The un der ex pres sion of DUSP6 in pan cre atic duc tal ade-

no car ci noma is asso ci ated with the hy per me thy la tion of CpG clus-

ter region of intron 1 of DUSP6 [10], which sug gest that the intron 

may be a key con trol region for DUSP6 expres sion. In this study, we 

inves ti gated the expres sion mech a nism of DUSP6 by exam in ing the 

pro moter activ ity of intron 1 of DUSP6 in human cells.

Mate ri als and meth ods

Molec u lar clon ing of intron 1 of DUSP6. A portion of human genome 

con sist ing of 614-bp region of intron 1 of DUSP6 was ampli fied by PCR 

employ ing a KOD-plus DNA poly mer ase kit (TOY OBO Co. Ltd., Osaka, 

Japan) with paired prim ers of 59-TTTACGCGTGTACGCGCCCAGGGA A 

CTC-39 and 59-TTTCTCGAGCTGCCAGAACGAGAAAAGCAA-39, respec-

tively har bor ing MluI and XhoI sites at 59 ends to facil i tate clon ing, 

and an ali quot of 100 ng total human geno mic DNA as a tem plate. 

The PCR con di tion was ini tial dena tur ation for 2 min at 94 °C, fol-

lowed by 35 cycles of 30 s at 94 °C, 30 s at 60 °C and 30 s at 68 °C, 

and final exten sion for 5 min at 68 °C. The ampli fied prod uct was 

puri fied with a High Pure DNA puri fi ca tion kit (Roche Diag nos tics, 

Basel, Swit zer land) and digested with MluI and XhoI (Roche Diag-

nos tics). Then the digested prod uct was puri fied with a High Pure 

DNA puri fi ca tion kit and cloned into the reporter vec tor, pGL3 

(Promega Cor po ra tion, Mad i son, WI, USA), at MluI and XhoI sites. 

Four vec tors har bor ing trun cated por tions of intron 1 of DUSP6, 

termed M-K, P-X, M-P, and P-K as illus trated in Fig. 1B, were gen-

er ated by digest ing the full-length vec tor with a com bi na tion of 

MluI, PvuII, KpnI, or XhoI, blunt ing digested ends and self-liga tion. 

A reporter vec tor har bor ing a mutated sequence of the con sen sus 

bind ing site of ETS tran scrip tion fac tors was gen er ated by site-

directed muta gen e sis per formed with a Site-directed Muta gen-

e sis kit (Strat a gene, La Jolla, CA, USA) and the muta genic primer 

59-AT CCACTCGCAAAAGGCTGCGGGTACCGGCGG-39 cor re spond ing 
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DUSP6/MKP-3 is a dual spec i fic ity phos pha tase exclu sively spe cific to MAPK1/ERK2 for its sub strate rec-

og ni tion and dephos pho ryl ating activ ity. DUSP6 is dem on strated to play a neg a tive reg u la tory role in 

MAPK1 in a feed back loop man ner; how ever, the reg u la tion mech a nisms of its expres sion in human cells 

have been largely unknown. We pre vi ously found that human pan cre atic can cer cells fre quently lost 

DUSP6 expres sion, which could induce con sti tu tively active MAPK1, and the loss was asso ci ated with 

hy per me thy la tion of the CpG clus ter region of intron 1 of DUSP6. In this study, we inves ti gated the pro-

moter activ ity of intron 1 of DUSP6 in human cells. We dem on strated that the intron indeed had pro moter 

activ ity and this activ ity was asso ci ated with MAPK1 activ ity. More over, pro moter activ ity depended on 

a con sen sus bind ing sequence of ETS tran scrip tion fac tors and ETS2 was spe cifi  cally asso ci ated with the 

intron. Because ETS2 is a direct tar get of MAPK, these results indi cate that intron 1 of DUSP6 plays a cru-

cial role in tran scrip tional reg u la tion of DUSP6 in a feed back loop man ner respond ing to MAPK1 via ETS2 

in human cells.
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to IVS+195 and +226 with muta tion at the under lined four bases, 

accord ing to the man u fac turer’s instruc tions. The cloned vec tors 

were ver i fied by sequenc ing using a Big dye ter mi na tor and ABI 

Genetic Ana lyzer (Applied Bio sys tems Inc., Fos ter City, CA, USA).

Reporter assay. Cells of PK-8, a human pan cre atic can cer cell 

line, were seeded in a 6-well plate at 5 £ 103/well and cul tured as 

described pre vi ously [7]. Twenty-four hours after seed ing, 0.5 lg 

of either of the cloned reporter vec tors and 0.05 lg of phRL-TK 

vec tor (Promega) were co-trans fec ted med i ated by Lipo fect amine 

Plus reagent accord ing to the man u fac turer’s instruc tions (Invit ro-

gen, Carls bad, CA, USA). Cells of 293, a human embry onic kid ney 

epi the lial cell line trans formed with ade no vi rus 5 DNA, obtained 

as described pre vi ously [11], were seeded at 5x105/well and trans-

fec ted with a com bi na tion of expres sion vec tors of pcDNA3.1-V5/

His, pcDNA3.1-active MAP2K1 (MAP2K1D44-51/S218E/S222E)-V5/

His, or pcDNA3.1-DUSP6-V5/His, obtained as described pre vi ously 

[11], and reporter vec tors. The trans fec ted cells were main tained in 

appro pri ate cul ture medium for 48 h. The cells were then washed 

with PBS and lysed in Lysis buffer (Promega). A dual lucif er ase 

assay using a Dual Lucif er ase Assay Kit (Promega) and Lu mi nos kan 

Ascent (Thermo Fisher Sci en tific Inc., Wal tham, MA, USA) was per-

formed accord ing to the man u fac tur ers’ instruc tions.

Immu no blot ting. Immu no blot ting was per formed as described 

pre vi ously [12]. The anti bod ies were a poly clonal anti-phospho-

p44/42 MAP kinase (Cell Sig nal ing Tech nol ogy Inc., Dan vers, MA, 

USA), a mono clo nal anti-ERK2 (clone G263-7, BD Bio sci ences, San 

Jose, CA, USA), a poly clonal anti-MKP-3 (C-20, Santa Cruz Bio tech-

nol ogy Inc., Santa Cruz, CA, USA), a mono clo nal anti-V5 (Invit ro-

gen), a mono clo nal anti-beta actin (clone AC-15, Sigma, St. Louis, 

MO, USA), a horse rad ish per ox i dase (HRP)-con ju gated anti-mouse 

immu no glob u lin (GE Health care UK Ltd., Buck ing ham shire, 

England), and a HRP-con ju gated anti-gout immu no glob u lin (Santa 

Cruz Bio tech nol ogy Inc.). Block ing con di tions and con cen tra tions 

of anti bod ies fol lowed the man u fac tur ers’ instruc tions. Sig nals 

were visu al ized by the reac tion with ECL Detec tion Reagent (GE 

Health care UK Ltd.) and dig i tally pro cessed using LAS 4000 mini 

(Fuji Photo Film Co. Ltd., Mi nam i ash ig ara, Japan).

Chro ma tin immu no pre cip i ta tion assay. Cells of PK-8 were seeded 

in a 10-cm cul ture dish at 4 £ 106 and main tained in RPMI 1640 

sup ple mented with 10% fetal bovine serum. Twenty-four hours 

after seed ing, cells were fixed with 1% form al de hyde solu tion and 

col lected. Cells were son i cated in a Bio rupt er (Cos mo bio, Tokyo, 

Japan) and used for immu no pre cip i ta tion reac tion with a ChIP-

IT-Express kit (Active Motif, Carls bad, CA, USA) and a poly clonal 

anti-ETS2 anti body (Santa Cruz Bio tech nol ogy Inc.), a poly clonal 

anti-AP2 anti body (Active Motif), or non spe cific immu no glob-

u lin (Santa Cruz Bio tech nol ogy Inc.). Paired prim ers of 59-AC C 

TCTGCTCCGCTCAGCTG-39 and 59-AAAACAGGGTGATGGTG GAG-39 
for ampli fi ca tion of IVS1+78 and IVS1+287 of DUSP6 and Ac cu-

prime PCR sys tem (Invit ro gen) were used for the PCR reac tion.

Sta tis ti cal anal y sis. Sta tis ti cal anal y sis was per formed using 

Stat view 5.0 soft ware (SAS Insti tute Inc., Cary, NC, USA).

Results

Pro moter activ ity of intron 1 of DUSP6

Our pre vi ous study indi cated that un der ex pres sion of DUSP6 in 

pan cre atic can cer cells and tis sues was asso ci ated with hy per me-

thy la tion of CpG clus ter region in intron 1 of DUSP6 [10]. From this 

infor ma tion, we ana lyzed the pro moter activ ity of the intron. We con-

structed reporter vec tors con tain ing full-length and var i ous trun cated 

sequences of the intron (Fig. 1B) and trans fec ted them into cul tured 

human pan cre atic can cer cells of PK-8, where an endog e nous tran-

scrip tional mech a nism of DUSP6 func tioned [10]. Trans fec tion of the 

full-length con struct revealed strong pro moter activ ity while that of 

trun cated con structs revealed reduced activ ity. This series of exper i-

ments elu ci dated that an area between the PvuII and KpnI sites of the 

intron had rel a tively strong pro moter activ ity (Fig. 1B).

Asso ci a tion between pro moter activ ity of DUSP6 and MAPK1 activ ity

DUSP6 is sup posed to form a func tional neg a tive feed back 

loop with MAPK1; there fore, it is inter est ing to know whether the 

Fig. 1. (A) Intron 1 of DUSP6 with rec og ni tion sites of restric tion enzymes and the con sen sus bind ing sequences for ETS (solid un der bar) and AP-2 (dot ted un der bars) tran-

scrip tion fac tors. Rec og ni tion sequences of MluI and XhoI were inserted at 59 and 39 ends of the intron, respec tively, for clon ing into pGL3 reporter vec tor. Arrows indi cate 

the loca tions of prim ers used in the chro ma tin immu no pre cip i ta tion assay. Closed cir cles indi cate CpG sites. (B) Reporter vec tors har bor ing (1) none, (2) full-length, or (3–6) 

var i ous trun ca tions of intron 1 of DUSP6 indi cated in the left panel were trans fec ted into cells of PK-8, a human pan cre atic can cer cell line, and assayed for reporter activ i ties. 

Hatched boxes in the left panel indi cate the con sen sus bind ing site for ETS tran scrip tion fac tors. An aster isk indi cates p < 0.01 and two aster isks indi cate p < 0.05 by unpaired 

t-test. n = 3 for each assay. All data are means and stan dard errors.
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